The ultimate goal in the numerical simulation of automotive catalytic converters is the prediction of exhaust gas emissions as function of time for varying inlet conditions, i.e. the simulation of a driving cycle. Such a simulation must include the calculation of the transient three-dimensional temperature-field of the monolithic solid structure of the converter, which results from a complex interaction between a variety of physical and chemical processes such as the gaseous flow field through the monolith channels, the catalytic reactions, gaseous and solid heat transport, and heat transfer to the ambience. This paper will discuss the application of the newly developed CFD-code DETCHEM MONOLITH for the numerical simulation of the transient behavior of three-way catalytic converters that have a monolithic structure. The code combines the two-dimensional simulations of the reactive flows in a representative number of monolith channels with a transient simulation of the three-dimensional temperature field of the solid structure of the converter including insulation and canning. The chemical reactions are modeled by a multi-step heterogeneous reaction mechanism, which is based on the elementary processes on the platinum and rhodium catalysts used. The integration over the chemical conversion in the single channels leads to the total conversion in the converter as function of time.
INTRODUCTION
In the automotive industry, the development cycles are continuously reduced, whereas the guidelines of the legislation concerning the pollutant emission limits become more restrictive. The legislatively enforced emission limits can only be fulfilled by the optimization of the exhaust gas system. Not only the right choice of the single components but also their arrangement is important. Mathematical modeling and numerical simulation has been gaining significance in the design and optimization process, as extensive experimental setups are not only time consuming but also expensive. The numerical simulation of the exhaust system can already support catalyst design in an early stage of development. For the three-way catalyst, the major concern here is the correct prediction of the light-off behavior of the exhaust system, because the pollutant emitted in this period presents a large amount of the overall pollutant emission during the driving test cycle given by legislation.
In order to achieve reliable results, the numerical simulations have to be based on accurate models of all the significant chemical and physical processes in the catalytic converter. In the last years, several models were proposed for the numerical simulation of catalytic converters /1-4/ reaching from a one-dimensional up to a three-dimensional description of the temperature distribution in the monolith. Most of these studies have in common, that they use global reaction kinetics for the description of the chemical reactions.
Alternatively, the chemical reaction system can be described by a multi-step reaction mechanism based on the elementary steps occurring on a molecular level on the catalytic surface /5-7/. This approach requires more computational efforts because a large number of chemical species and reactions is considered. In particular, the description of the surface coverage of the catalyst with adsorbed species and the strongly nonlinear reaction kinetics lead to a highly-nonlinear, stiff differential-algebraic equation system. Simultaneously, the modeling effort demands the knowledge of the reaction scheme and the rate coefficients for every single step. However, the effort is rewarded by the fact that the simulation can not only describe the system but also predict the system behavior under varying external conditions, which not have necessarily been investigated by experiments a priori. Therefore, such detailed models will lead to more accurate transient simulations of the behavior of an automotive catalytic converter.
This study continues our former work on modeling automotive catalytic converters /5/, in which steady-state simulations of the conversion process in a single monolith channel at constant channel wall temperature were carried out. Now we study the transient behavior of the entire monolith. In that former study, we used a sample gas containing the pollutants CO, NO, and C 3 H 6 in the experiment and the simulation. Additionally, in the current simulation, CH 4 is considered as additional hydrocarbon species in order to map the behavior of a real exhaust gas. In the experiment, a real exhaust gas mixture coming from an SI engine is used.
Earlier simulations used FLUENT /8/ to calculate the reactive flow field in the channels. Those simulations were very time consuming and not well suited for a transient simulation of the catalytic converter. In order to speed up the single channel simulations, the recently developed computer program DETCHEM CHANNEL /9-11/ was used. It solves the steady-state two-dimensional reactive flow in a straight channel based on a boundary-layer code and takes heterogeneous reactions into account.
The time-dependend temperature distribution in the twoor three-dimensional monolith structure is calculated by the code DETCHEM MONOLITH_2D or DETCHEM MONOLITH_3D , respectively /10,11/. These codes are coupled with DETCHEM CHANNEL to account for the behavior in the single channels. The DETCHEM MONOLITH codes can also be linked to input/output data structures of the CFD-code FLUENT, which can be used to simulate the flow in front of and behind the converter.
In the present paper, we performed a numerical simulation of the start-up phase of an automotive catalytic converter for time varying inlet conditions. The variation of the temperature distribution in the solid structure and in the single channels as well as the species profiles are described. The numerically predicted time-dependent conversion of the combustion pollutants is compared with experimental data. The potentials and limitations of the models and computational tools are discussed.
MATHEMATICAL AND NUMERICAL MODEL
The numerical model for the simulation of the monolith consists of two parts. Since the time scales of the reactive channel flows and of the solid's thermal response are decoupled, time variations in the local monolith temperature can be neglected when calculating the fluid flow through a single channel. Thus, a time independent formulation is used to describe the gaseous flow in order to calculate heat source terms for a transient heat conduction equation for the solid /12/.
DETCHEM
CHANNEL models a single channel with cylindrical symmetry. Since the variation of the washcoat thickness over the channel walls has not been determined and a comparison with three-dimensional single channel simulations revealed only minor differences, a cylindrical channel model assuming a mean channel diameter and washcoat thickness was used. Given the inlet (velocity, temperature, density, species mass fractions) and wall conditions (axial temperature profile), the two-dimensional flow field of the fluid can be solved. The set of Navier-Stokes equations is the most accurate model for the description of the laminar flow of a chemically reacting fluid. However, due to their mathematical structure -in the time independent formulation they resemble a set of nonlinear elliptical partial differential equations -and their stiffness, a numerical solution is computationally expensive /13,14/. Therefore, simpler models such as plug-flow or boundary-layer models are frequently used /14,15/.
In the boundary layer of a fluid near a surface, the convection is mainly directed parallel to the surface. The diffusive transport in the same direction diminishes in comparison with the one perpendicular to the surface. This effect becomes more significant as the axial gas velocity is increased, i.e. for higher Reynolds numbers as long as the flow is laminar. The results achieved by the boundary-layer model can be as accurate as the results from the full Navier-Stokes model at high but laminar flow rates /12/. Mathematically, the character of the equations changes from elliptical to parabolic with a timelike coordinate along the channel axis. The set of equations consists of conservation equations for Total mass Given the inlet conditions, the boundary-layer equations are solved in a single sweep of integration along the axial direction by a method-of-lines procedure. The radial derivatives are discretized by a finite-volume method. The resulting differential-algebraic equation system is integrated using the semi-implicit extrapolation solver LIMEX /16/. The transport coefficients for radial diffusion (µ, λ) and the species diffusion flux j s depend on temperature and species composition. Surface reaction source terms (j s,surface ) are modeled by elementary-step based reaction mechanisms as has been described in detail in /5,7,11/. The model of the catalytic reactions on the inner channel wall accounts for a varying surface coverage of adsorbed species along the channel. Furthermore, a model for pore diffusion inside washcoats /17/, which also depends on the local reaction rates, can be included when necessary.
In DETCHEM MONOLITH_2D or DETCHEM MONOLITH_3D /10,11/, the simulation of the thermal behavior of the entire monolithic structure, which is coupled with the single channel simulations, is modeled by a two-or threedimensional temperature equation, respectively, i. e.
The material properties (density ρ, heat capacity C p and thermal conductivity λ) are functions of the local temperature and material (monolith, insulation and canning) and can also be specified as functions of the direction. Heat losses due to conduction, convection, and thermal radiation at the exterior walls of the monolith can be included. In order to obtain the source terms q in the temperature equation, the heat flux from the gas phase into the monolith bulk due to convection and chemical heat release is calculated for a representative number of channels. These single-channel simulations are carried out for each time step of the transient temperature simulation. They apply the actual local axial temperature profiles as boundary conditions and use the timedependent initial flow conditions. Hence, time-varying inlet conditions can be specified as long as the conditions vary at a time scale that is larger than the residence time.
For the spatial discretization of the transient temperature equation, a finite volume approach is used. For the integration of the resulting ordinary differential equation system one of the solvers LIMEX /14/ or LSODE /18/ can be chosen from. Based on these models, the computational tool predicts the transient, two-or three-dimensional distributions of temperature and species concentrations.
CHEMICAL REACTION SYSTEM
A detailed multi-step reaction mechanism is used to model the catalytic reactions in a three-way catalytic converter that contains Pt and Rh as active catalysts. The surface coverage of the species on the catalytic material and the surface mass fluxes are also calculated as a function of the position in the channel. This approach has already been discussed in former publications /5,7,11/.
The mechanism includes only surface chemistry; gas phase chemistry can be neglected because of the low pressure and temperature, and the short residence time.
In the simulation, the sample exhaust gas mixture is composed of C 3 H 6 , CH 4 , CO 2 , H 2 O, CO, NO, O 2 , N 2 . The surface reaction scheme consists of 62 reaction steps among the 8 gas phase and further 29 adsorbed chemical species. It is assumed that all species are adsorbed competitively. The model also considers the different adsorption sites (platinum or rhodium) on the metallic catalyst surface. However, on rhodium, surface reactions are considered between NO, CO, and O 2 only. The kinetic data of the mechanism were taken either from literature or fits to experimental data. The mechanism is based on our former studies /5,7/. Here it was slightly extended by the introduction of CH 4 reactions on the platinum surface. The revised mechanism will be discussed in a forthcoming paper, when further experimental measurements and numerically predicted data are available for the validation of the mechanism.
The parameters of the catalyst used, e.g., metal composition and loading, dispersion, and so on, have taken as described in the preceding paper /5/; the experiment is carried out using the same catalyst. In the simulation, a simplified washcoat model is used with CO as species that determines the effectiveness factor /5,11/.
EXPERIMENTAL SETUP
For this study, experiments were carried out on an engine test bench. A 4-cylinder 1.6 l SI engine was used, which meets the EU-III pollutant emission standards. The design of the exhaust system was chosen in a way that guarantees a highly uniform flow distribution in front of the catalytic converter. Therefore, the exhaust system was provided with a long straight pipe and a long inlet cone before the monolith as shown in Figure 1 .
A commercially available three-way catalyst was used, containing 50 g/ft 3 noble metal (Pt/Rh = 5:1) impregnated on a ceria stabilized γ-alumina washcoat. The washcoat was supported by a race-track shaped cordierit monolith with the dimensions 169.7 x 80.8 x 114.4 mm (6.68" x 3.18" x 4.5"), a cell density of 63 cells per cm 2 (400cpsi) and a wall thickness of 0.165 mm (6.5 mil). The length of the catalytically active monolith was varied keeping the total length constant. The results, presented in this study, were obtained with a catalytic converter of 57.2 mm (2.25") in length.
The surface temperature was measured at 8 points and gas-phase temperature was measured at 3 points along the exhaust system. The gas temperature was measured by 1.5 mm K type thermocouple wires. The mass flow rate was determined at the intake and converted to the corresponding data in front of the catalytic converter. Samples of the gas composition were taken at two positions as shown in Figure 1 . The gas samples were then led through heated pipes to an exhaust gas analysis system from HORIBA /19/. The gas components CO, CO 2 , NOx, O 2 , and THC were detected. The sampling rate of all data was 1 Hz. 
RESULTS AND DISCUSSION

INLET AND BOUNDARY CONDITIONS
As an example, the experimental and numerical study of the cold start-up phase of a commercial three-way catalyst will be discussed. In Figure 2 , the recorded profiles of the engine power and the rotational speed are shown. The engine is started at cold state and then phases of full and partial load alternate.
The corresponding mass flow rate was used to determine the axial inlet velocity at the front of the catalytic monolith, both shown in Figure 3 . According to the experimental setup, the flow distribution was assumed to be spatially constant, even though the computational tool can handle spatially varying flow distributions at the monolith inlet. The inlet velocity was calculated on basis of the mass flow rate. Here, it was accounted for the density variation due to the higher gas temperatures and increase in volume by the combustion process.
The gas temperature, measured in front of the catalytic converter, was chosen as inlet temperature for the simulation. However, due to the thermal mass and thereby slow thermal response of the chosen thermocouples, a reverse transformation was applied to the temperature signal in order to approximate the actual gas phase temperature. Figure 4 shows not only the measured inlet and outlet gas temperature but also the corrected gas inlet temperature and the numerically predicted average gas-phase temperature at the catalyst exit.
The species concentrations at the monolith inlet were chosen according to the experimental data measured 5 cm in front of the straight pipe (Figure 1 ). The unburnt hydrocarbons were distributed among C 3 H 6 (95% Cmol) and CH 4 (5% C -mol), neglecting the fact that the composition of the exhaust gas is much more complex /20/. This real gas effect is studied in on-going research.
Due to the fact that the model does not include oxygen storage effects (see also paragraph Outlook) and stoichiometric conditions were assumed, the oxygen concentration at the inlet was adjusted to unity redox ratio /5/.
Thermal convection and radiation at the exterior walls was taken into account, when calculating the temperature distribution in the entire monolith. The emissivity of the external surface of the catalytic converter was assumed as 0.8. Convection was taken into account by a heat transfer coefficient of 80 W/m 2 K.
The material properties were determined by experiments (thermal conductivity of the monolithic structure) or taken from the literature and product information from the manufacturers. Measured and calculated temperature data: measured gas temperature before catalytic converter (o) measured gas temperature after catalytic converter (x) approximated actual inlet gas temperature (-⋅ ⋅ -) calculated gas temperature after catalytic converter ()
TEMPERATURE PROFILES
Using the computational tools and these inlet and boundary conditions, the transient behavior of the catalyst monolith was simulated for a cylindrical converter with elliptical cross-section as illustrated in Figure 5 . DETCHEM MONOLITH_3D is also capable of modeling converters with more complex cross-section.
Figures 6 -9 reveal the solid phase temperature distribution of the monolith including insulation and canning at times of 10 and 41 seconds after start-up, respectively. The incoming hot exhaust gas heats up the monolithic structure. At the exterior wall, steep temperature gradients occur due to external heat loss. However, these gradients mainly occur inside the insulation and canning. Hence, the temperature of the catalytic channels vary only slightly over the cross-section.
At the early stage of operation, the heat is primarily provided by the heat capacity of the incoming exhaust gas. Heat release due to chemical reactions does not play a significant role, which is also revealed by the conversion as shown in Figures 20 -23 . After the converter has reached its operating temperature, the exit gas temperature exceeds the incoming gas temperature (Figure 4) caused by exothermic reactions.
In Figure 10 simulation results of the 2D and the 3D model are contrasted. As the presented cross-section of the 3D simulation result implies the maxim radius of the elliptic profile (maximum diameter: 169.7 mm), but the 2D model is based on the mean diameter of the monolith (mean diameter: 122.9mm), the radial ranges differ. The simulation results correspond very well. Temperature distribution in the monolith 10 seconds after start-up. Cross-section through the 3-dimensional temperature field in x-z-plane. x* is the normalized x-coordinate in the flow direction, r* is the normalized radial coordinate; only the catalytic active part is shown Figure 8 Temperature distribution in parallel slices, 41 seconds after start-up. The flow runs in the positive x-direction that is stretched by a factor of 3 for visual clarity; only the catalytic active part is shown Figure 9 Temperature distribution in the monolith 41 seconds after start-up. Cross-section through the 3-dimensional temperature field in x-z-plane. x* is the normalized x-coordinate in the flow direction, r* is the normalized radial coordinate; only the catalytic active part is shown Figure 10 : Comparison between the predicted temperature distributions in the monolith 41 seconds after start-up of the 3D (left hand-side) and the 2D simulation (right hand-side). The cross-section for the 3D simulation result is in the x-z-plane, z* is the normalized coordinate in flow direction; only the catalytic active part is shown
Figures 11 -13 present the two-dimensional gas phase temperature profiles inside a channel located in the center of the monolith. 10 seconds after start-up, an axial temperature variation of approximately 230 K occurs. The hot exhaust gas is cooled down very quickly due to radial heat conduction upon entering the cold monolith. A few seconds later, the axial temperature profile flattens (Figures 8,9 and 12). Here, the monolith structure has almost reached the exhaust gas temperature. At that time, significant chemical conversion has started (Figures 20 -23) . The light-off temperature is already reached and due to the exothermical reactions the gas phase temperature in the channel increases in flow direction.
140 seconds after start-up, the catalyst temperature is sufficient for complete conversion. In the experiment as well as in the simulation (Figure 4) , the exit gas temperature exceeds the incoming gas temperature. Here, chemical heat release leads to the temperature increase as the exhaust gas flows through the monolith channels.
We are aware of the fact that the predicted temperature difference between the inlet and outlet gas phase temperature does not agree well with the measured temperature difference (Figure 4 ). Further experimental investigations shall answer the question whether the deviations are due to configuration of measurement or due to discrepancies in simulation parameters. 
CHEMICAL SPECIES PROFILES
The conversion is related to the monolith temperature and the composition of the inlet feed. 10 seconds after start-up, when the catalyst is still cold, almost no chemical reactions take place. Only in the first section of the catalyst, where the temperature is already above 500K, less than 1% of the chemical species are converted on the catalyst. Figures 14 -19 show the species profiles for C 3 H 6 and CO.
Forty-one seconds after start-up, about 50% of the relevant emission species are converted, i.e. the reaction is lit off. A relatively good agreement between measured and calculated conversion is achieved. In Figures 20 -23 results of the 2D simulation are presented.
After light-off, almost complete conversion can be achieved. Now, the conversion is no longer kinetically limited but controlled by mass transport, i.e., diffusion of reactants to the wall and products back into the fluid. Larger radial gradients are developed ( Figure 16 and Figure 19 ). Even though, the general trend of the experimentally observed conversion as function of time could be well predicted by the numerical simulation, some deviations occur. The conversion behavior of NO during the first 70 seconds is well predicted, but then the quality of the correlation decreases. This is likely caused by the assumption of unity redox ratio.
The experimentally determined decrease of the conversion rate of the hydrocarbon species at about 75 seconds is well matched, but the following increase is over-predicted. This might be a hint that the calculated temperature profile in the monolith is over-predicted, too. This might also be the reason for the over-predicted decrease of the CO conversion rate at 70 seconds and the over-predicted re-increase.
The reaction mechanism has been primarily developed using laboratory steady-state experiments with a welldefined simulation gas, including only propane and propylene as unburned hydrocarbons /5, 7, 17/. Methane oxidation on Pt and Rh has already been extensively studied /13,14,21/. However, the complex exhaust gas mixture contains a much wider variety of hydrocarbons. Their representation by only two simple species may be one source of deviations. The surface reaction mechanism also needs further validation. For instance, no storage model has been implemented yet, as already mentioned.
On the experimental side, accurate measurements of the hydrocarbon concentration and composition have turned out to be a challenge.
2D VERSUS 3D MONOLITH SIMULATION
The DETCHEM MONOLITH software can be used for the simulation of three-and two-dimensional converter geometries. The computation is time-consuming, especially if a large number of single channels needs to be analyzed to represent the monolith behavior. A typical CPU-time needed for the 3D simulation of the case studied takes about 24 -48 hours depending on the hardware, if the parallel version of the code is used, in which each channel is simulated on a single processor. Therefore, the question arises whether or not a twodimensional simulation is sufficiently accurate and how many channels need to be simulated.
A comparison of a 2D and a 3D simulation concerning the exit exhaust gas temperature is shown in Figure 24 . In the 2D simulation the two-dimensional elliptic crosssection was replaced by a single averaged spatial coordinate. In the 2D simulation 3 channels were simulated. A comparison with simulations with more channels showed no qualitative difference to the simulation results presented in this paper. In the 3D simulation only 2 channels were simulated.
Over a wide range, the temporal temperature profiles do not show any difference and neither do the total species conversions (not shown here) (see also Figure 10 ). In case of a non-monotonic temperature profile in radial direction inside the monolith it seems to be necessary to consider a larger quantity of channels. Such intervals can be found at 45 -55 seconds and 120 -130 seconds. However for spatially varying inlet conditions, more channels have to be simulated.
A two-dimensional model considering more than 2 channels is appropriate in the case discussed in this study, since spatially constant inlet conditions were assumed. Figure 24 Comparison of the outlet fluid temperature for a 2D (-⋅ -) and a 3D () simulation; for the 3D simulation the coated part only was taken into account. Additionally the considered calculation inlet gas temperature is plotted (⋅⋅⋅⋅)
CONCLUSION
The recently developed computational tool DETCHEM MONOLITH has been applied for the transient three-dimensional simulation of a cold start-up of an automotive three-way catalytic converter. The numerical code is based on a two-dimensional description (boundary-layer approximation) of the flow field in the single channels of the monolith coupled with a detailed multi-step surface reaction mechanism and a washcoat model. All the models were based on the physical and chemical processes occurring in the catalytic converter. To our knowledge, it is the first time that this detailed approach has been used for the transient numerical simulation of catalytic converters.
The simulation describes the heat-up of the catalytic monolith and the onset of the chemical reactions. The predicted time-dependent exit temperature and conversion are compared with experimental data. The light-off behavior is described well, as well as the conversion behavior in general, while deficiencies still exist in the temperature prediction. In the model, major uncertainties still remain concerning the exhaust gas composition and its representation by a limited number of chemical species.
Nevertheless, a computational tool is now available that allows predictive numerical simulations of the pollutant emissions during a driving cycle within a passable amount of time. This tool can be used for converter design and optimization.
The inlet conditions for DETCHEM MONOLITH can either be taken from CFD-simulations or experimental data, and thus, the influence of the exhaust system design can be examined. Furthermore, the impact of the velocity distribution in front of the catalytic converter on conversion can be studied. The interactions between the thermal and geometrical properties and the light-off behavior of the monolith can also be examined.
OUTLOOK
We are currently working on the following aspects:
• Reaction schemes of more complex hydrocarbon species. Detailed gas analyses showed that a wide variety of HC species is present in the exhaust gas /20/. The influence of some of these species on the reaction system in a 3-way catalytic converter will be examined.
• Implementation of a model of oxygen storage effects into the numerical codes.
• Further tests of the surface reaction mechanism, also under transient conditions.
• Further improvements of the numerical algorithms (speed-up).
